. Glucoseevoked alterations in connexin43-mediated cell-to-cell communication in human collecting duct: a possible role in diabetic nephropathy.
concentration ([Ca 2ϩ ]i) that propagated between cells via a heptanolsensitive mechanism. The rise in [Ca 2ϩ ]i was dependent on both store release and Ca 2ϩ -influx pathways. Lucifer yellow dye transfer and Cx43 knockdown experiments confirmed direct cell-to-cell communication. Application of the Ca 2ϩ ionophore ionomycin, or an increase in glucose (5 to 25 mM), produced a time-dependent (48 h) increase in Cx43 protein expression. The transmission rate of touchevoked Ca 2ϩ transients between coupled cells was accelerated after exposure to high glucose, providing a functional correlate to increased Cx43 expression. These data suggest a pivotal role for Cx43-mediated gap junctions in the synchronization of activity between HCD cells in response to stimuli that mimic osmotic and physical changes. Cx43 expression and cell-to-cell communication increased in response to high glucose and may protect the collecting duct from renal damage associated with more established diabetic nephropathy. gap junctions THE TRANSIENT RECEPTOR POTENTIAL (TRP) superfamily of proteins are cation-selective ion channels that have diverse functions as cellular sensors (reviewed in Ref. 4) . Mechanosensitive TRP proteins include TRP receptor (TRPV4) and are likely to be important in sensing both fluid flow and osmolarity in renal tubules (reviewed in Ref. 14) where they are known to evoke changes in cytosolic Ca 2ϩ concentration ([Ca   2ϩ ] i ) (27) . Gap junctions allow the transfer of ions and small molecules between coupled cells and enable individual cells to monitor the functional state of their immediate neighbors. Cell communication of this type permits an adaptation of function to match the immediate needs of coupled cells within a cluster (11) . Gap junctions are composed of connexins, nine of which are known to be expressed in the kidney (9, 36) . In the collecting duct of the nephron, connexin43 (Cx43) expression is the greatest (9) . The presence of connexin-mediated gap junctions has been thought essential in kidney development and organogenesis; however, recent data from knockout mice lack evidence for dysplasia (30) . A more likely and immediate role for gap junctions is in the coordination of activity between cells that, in isolation, would exhibit heterogeneous expression of key stimulus-response elements. Efficient and appropriate reabsorption of sodium within the cortical collecting duct (CCD) depends on an integrated response of the entire epithelium. Cell-to-cell coupling allows surrounding cells to lock into a particular frequency of cellular activity, ensuring a simultaneous response across the epithelial layer (5) .
Mechanical stimulation increases [Ca 2ϩ ] i in a rat osteoblastic cell line (ROS). The resultant Ca 2ϩ wave propagates into neighboring cells via heptanol-sensitive gap junctions (8) . A similar response is seen in rat glomerular mesangial cells (37) , rabbit CCD (20) , and rat retinal epithelia (7) . Dephosphorylation of Cx43 activates gap junctions (35) and in bladder smooth muscle Cx43 expression and cell coupling is increased in response to stretch (3) . Clearly, Cx43 expression and the ability of cells to communicate are not static; however, the particular degree of compensation in response to various pathophysiological challenges remains confused. Injury or loss in a number of visceral epithelial cells of the renal glomeruli (podocytes) as a consequence of glomerulosclerosis or renal disease results in increased Cx43 expression in rats (38) . This upregulation of Cx43 expression is also seen in inflammatory renal disease (13) and in the kidneys of hypertensive rats (10) . However, compensatory renal growth in mice has been associated with a transient decrease gap-junction expression and cell-to-cell communication (18) . Cell-to-cell communication within retinal microvessels is reduced in streptozotocin-induced diabetic rats (26) , a situation also observed in vascular cells (16) and bovine aortic endothelial cells in response to elevated glucose (15, 17) . These changes in connexin expression may have important repercussions for macrovascular dysfunction seen in diabetes, such as macroangiopathy, whereas the glucose-dependent downregulation of Cx43 protein expression and gap junctionalmediated intercellular communication between bovine retinal pericytes (19) , endothelial cells (6) , and rat retinal epithelial cells (7) indicates a role in microvascular complications, such as diabetic retinopathy.
In the current study we have utilized a human-derived collecting duct cell line (HCD) to assess the role of Cx43-mediated gap junctions in the transfer of touch-evoked Ca 2ϩ waves between coupled cells to determine whether Cx43-mediated cell-to-cell coupling has a role in the development of secondary hypertension associated with elevated glucose as seen in diabetes mellitus.
MATERIALS AND METHODS
Cell culture. HCD cells were derived from normal human kidney cortex and immortalized with SV-40 virus. Clones were selected using the monoclonal antibody, Ab272, which specifically recognizes collecting duct principal cells. HCD cells (passages 18 -30) were maintained in DMEM-Ham's F-12 medium (GIBCO, Invitrogen), supplemented with 2% FCS, 2 mmol/l glutamine, 15 mmol/l HEPES, 5 g/ml transferrin, 5 ng/ml Na 2SeO3, 5 g/ml insulin, and 5 ϫ 10
Ϫ8
M dexamethasone. Cells were grown at 37°C in a humidified atmosphere of 5% CO 2 in air. For Ca 2ϩ experiments, cells were seeded onto 3-aminopropyltriethoxysilane (APES; Sigma, Poole, UK)-treated coverslips and used within 1 day of plating. For glucose experiments, cells were treated with 5 or 25 mM glucose in the presence of unsupplemented DMEM-Ham's F-12 medium without FCS for time periods of 0, 24, and 48 h after FCS deprivation overnight. Basal (5 mM) glucose culture media was generated by mixing DMEM (0 mM glucose) with Ham's F-12 medium (10 mM glucose).
Analysis of mRNA expression. RNA was prepared from 80% confluent HCD cells by acid-guanidinium extraction (2) using a genelute mammalian total RNA miniprep kit (Sigma) following the manufacturer's instructions. Complementary DNA was synthesized by reverse transcription using a Promega Reverse Transcription System following an adapted method. Briefly, 1 g of total RNA and 0.5 g of random hexamers, in a final volume of 11 l, were incubated at 70°C for 5 min and then allowed to cool slowly to 25°C. Primer extension was then performed at 37°C for 60 min after the addition of 1ϫ (final concentration) reaction buffer, containing (in mmol/l) 50 Tris ⅐ HCl (pH 8.3), 50 KCl, 10 MgCl 2, 10 dithiothreitol, and 0.5 spermidine and 1 mmol/l (final concentration) of each dNTP, 40 U of rRNAsin ribonuclease inhibitor, and 15 U of avian myeloblastosis virus reverse transcriptase in a final volume of 20 l. The RT mixture was heated to 95°C for 5 min and then 4°C for 5 min. An aliquot of 4 l was used in subsequent PCR reactions.
PCR amplification of cDNAs. Amplification of specific cDNAs was carried out using the primers listed in Table 1 . PCR reactions (20 l) were set up containing 1.5 mmol/l MgCl 2, 0.2 mmol/l of each dNTP, 0.5 M of each primer, and 1 U Taq DNA polymerase (Bioline). Amplification of samples was performed using an initial denaturation step of 95°C (5 min), followed by either 34 cycles (TRPV4) or 30 cycles (Cx43) consisting of 1 min of denaturing at 95°C, 1 min of annealing at the required temperature (Table 1) , and a 1-min extension at 72°C. A final elongation step of 72°C for 7 min was included in all PCR amplifications.
Analysis of protein expression. The preparation of cytosolic proteins and their subsequent separation by gel electrophoresis and electroblotting onto Immobilon-P membrane (Millipore, Watford, UK) were as described previously (1) . Briefly, proteins (5 g) were separated by SDS polyacrylamide gel electrophoresis (4.5% stacking gel, 7.5 or 10% resolving gel) at 200 V for 50 min in electrophoresis buffer containing 25 mmol/l Tris, 192 mmol/l glycine, and 0.1% (wt/vol) SDS. Proteins were transferred onto Immobilin-P membrane in transfer buffer [25 mmol/l Tris, 192 mmol/l glycine, 20% (vol/vol) methanol] for 1 h at 100 V at 4°C. After protein transfer, membranes were blocked in PBS plus 0.1% Tween 20 (PBS-T) containing 20% (wt/vol) nonfat milk powder (Marvel, Premier Brands, Stafford, UK) for 1 h at 25°C and then washed with PBS-T for 15 min. Filters were analyzed with specific polyclonal antibodies against human Cx43 (Santa Cruz Biotechnology) and TRPV4 (The Binding Site, Birmingham, UK) diluted in PBS-T (0.05%) at 1:200 and 1:1,000, respectively. After three 10-min washes in PBS-T, the membranes were incubated with the secondary antibody (horseradish peroxidase-conjugated) anti-rabbit (Cx43, diluted 1:2,000) and anti-sheep (TRPV4, diluted 1:30,000) in PBS-T (0.05%) for 60 min at 25°C, followed by three 10-min washes in PBS-T. Specific proteins were detected using ECL detection reagent chemiluminescence system (Amersham Biosciences) and were visualized after exposure of membranes to X-ray film for 1-10 min of Cx43 and TRPV4. Control experiments were included where primary antibody was omitted, and filters were exposed to secondary antibody and ECL detection.
Immunocytochemistry. Cells were allowed to grow to 80% confluence on APES-treated coverslips and then fixed in 4% paraformaldehyde. Nonspecific binding was prevented by blocking for 1 h at 25°C in PBS ϩ 0.01% Triton X-100 containing 10% normal goat serum. After three 10-min washes with PBS, the nuclear stain 4Ј,6-diamidino-2-phenylindole dihydrochloride (1 mmol/l) was added to each coverslip for 3 min. After being washed with PBS (3 ϫ 5 min), cells were incubated with the cytoskeletal stain tetramethylrhodamine isothiocynate-conjugated phalloidin (Sigma) diluted at 1:100 in PBS supplemented with 0.01% Triton X-100 for 1 h at 25°C. After being further washed (3 ϫ 5 min), cells were incubated overnight at 4°C with the corresponding primary antibody (anti-Cx43, 1:100) diluted in PBS ϩ 0.01% Triton X-100. After antibody incubation, cells were washed with PBS and then incubated in Alexa 488-conjugated goat anti-rabbit (Cx43) for 1 h at 25°C. Secondary antibodies (Molecular Probes) were diluted (1:400) in PBS ϩ 0.01% Triton X-100. After 1 h, cells were washed 3 ϫ 10 min and coverslips were mounted in Citifluor (glycerol-PBS solution: Agar Scientific) on glass slides.
Knockdown of Cx43 expression. Cells were allowed to grow to 40% confluence in six-well plates or APES-treated coverslips. Knockdown of Cx43 expression was achieved by two different small interfering RNA (siRNA) protocols.
First, there was transfection of cells with a pool of four Cx43 specific siRNA duplexes (Santa Cruz Biotechnology). Transfection of siRNAs was carried out using Lipofectamine (Invitrogen), following the manufacturer's instructions. Briefly, Lipofectamine and siRNAs were diluted into OptiMEM medium (Invitrogen). Diluted Lipofectamine lipids were mixed with diluted siRNAs, and the mixture was incubated for 30 min at room temperature for complex formation. Mixtures were further diluted in OptiMEM and added to each well, such that the final concentration of siRNAs was 80 nM. Cells were harvested and assayed 24 h after transfection. Negative controls included untransfected cells, lipid alone, two scrambled siRNAs, one of which was fluorscein conjugated (Santa Cruz Biotechnology).
Second, there was the siLentGene U6 Cassette RNA Interference System (Promega). Specific Cx43 and scrambled sequences were selected using the Promega design tool. U6 expression cassettes were constructed following the manufacturer's instructions. Transfection of the U6 DNA expression cassettes was performed using siLentGene transfection reagent (Promega), such that the final concentration of cassettes was 160 ng/ml. To localize transfected cells, cells were cotransfected with red fluorescent protein (RFP; pDsRed2-C1). Cells were harvested and assayed 72 h after transfection. Negative controls included untransfected cells, lipid alone, RFP alone, and a scrambled siRNA.
In each case Cx43 knockdown was confirmed by Western blot analysis as described above.
Single-cell microfluorimetry. HCD cells seeded and grown overnight on APES-coated coverslips were loaded for 30 min at 37°C with 2.5 M of the Ca 2ϩ fluorophore fura-2 AM (Sigma). Coverslips were washed and placed in a steel chamber, the volume of which was ϳ500 l. A single 22-mm coverslip formed the base of the chamber, which was mounted into a heating platform on the stage of an Axiovert 200 Research Inverted microscope (Carl Zeiss, Welwyn Garden City, UK). All experiments were carried out at 37°C using unsupplemented DMEM-Ham's F-12 medium as the standard extracellular medium. Cells were illuminated alternatively at 340 and 380 nm using a Metaflour imaging workbench (Universal Imaging, Marlow, Bucks, UK). Emitted light was filtered by using a 510-nm long-pass barrier filter and detected using a Cool Snap HQ CCD camera (Roper Scientific). Changes in the emission intensity of fura-2 expressed as a ratio of dual excitation were used as an indicator of changes in [Ca 2ϩ ]i with the use of established procedures. Data were collected at 3-s intervals for multiple regions of interest in any one field of view. All records have been corrected for background fluorescence (determined from cell-free coverslip).
Mechanical stimulation of HCD cells. Individual cells within a cluster (6 -12 cells/cluster) of fura-2-loaded cells were stimulated via touch using a femtotip electrode delivery system (Eppendorf, Hamburg, Germany). Maintained fura-2 fluorescence confirmed the integrity of the cell membrane.
Transmission velocity experiments. HCD cells were seeded and grown to 50% confluence on APES-coated coverslips in the previously described standard culture medium. After an overnight period of serum starvation, the medium was then removed and changed to a test medium containing 5 or 25 mmol/l glucose. After a 24-or 48-h exposure to each test medium, individual cells within a cluster (6 -12 cells/cluster) of fura-2-loaded cells were stimulated via touch using a femtotip electrode delivery system. The rate of transmission of a touch-evoked Ca 2ϩ signal between individual HCD cells was assessed. Maintained fura-2 fluorescence confirmed the integrity of the cell membrane.
Dye transfer experiments. An individual cell within a cell cluster was microinjected with the membrane impermeant fluorescent tracer Lucifer yellow CH, dilithium salt (Sigma). Lucifer yellow was dissolved in 250 l of fresh LiC (150 mmol/l)-HEPES (10 mmol/l; pH 7.2). Cells were injected using femtotips (internal diameter
Data analysis. Autoradiographs were quantified by densitometry (TotalLab 2003). Statistical analysis of data was performed by using a one-way ANOVA test with a Tukey's multiple comparison posttest. Data are expressed as arithmetic means Ϯ SE, n denotes the number of experiments, and P Ͻ 0.05 signifies statistical significance.
RESULTS

Expression and localization of Cx43 and TRPV4 in HCD cells. Studies confirmed the presence of Cx43 and TRPV4
mRNA and protein in HCD cells. RT-PCR analysis of several RNA preparations from HCD cells revealed PCR products representative of Cx43 and TRPV4 mRNA (Fig. 1, A and C,  respectively) . To confirm that both sets of mRNA were appropriately translated, protein expression was determined by Western blot analysis (Fig. 1, B and D) . Western blot analyses revealed bands at ϳ43 and 120 kDa, representative of those expected for Cx43 and TRPV4, respectively. The distribution of Cx43 in HCD cells was examined by immunocytochemistry (Fig. 2) . Cx43 protein expression was localized to the cell membrane with intense perinuclear staining.
Touch-evoked changes in cytosolic Ca 2ϩ in HCD cells. Physical stimulation of a single HCD cell evoked an increase in cytosolic Ca 2ϩ (Fig. 3, A and B) . The response was rapid in onset but transient, with [Ca 2ϩ ] i returning to basal levels even in the presence of continued stimulus. The transmission of a [Ca 2ϩ ] i signal away from the point of stimulation ( Fig. 3A ; 0 -6 s) illustrates cooperativity between HCD cells and is indicative of a high degree of cell-to-cell communication (data are representative of 5 separate experiments). Cell-to-cell com- munication is not dependent on ATP-mediated paracrine mechanisms as an application of suramin [50 M; a concentration known to block P 2 purinergic receptors (12)] failed to negate touch-evoked changes in intracellular Ca 2ϩ (in 3 separate experiments; data not shown).
Gap junctions permit the free passage of both ions and small molecules between cells. To assess whether HCD cells express functional gap junctions, we examined the effect of the gapjunction uncoupler heptanol (1 mmol/l) on the propagation of touch-evoked Ca 2ϩ signals. In the presence of heptanol, physical stimulation of an individual HCD cell within a cell cluster evoked a transient rise in cytosolic Ca 2ϩ that failed to propagate into adjacent cells (Fig. 3, C and D Dye transfer between cells. Lucifer yellow is a low molecular weight, membrane-impermeant, fluorescent compound. Propagation of the dye from an injected cell occurs via direct transfer through gap junctions. To further determine the role of gap junctions in cell-to-cell communication within our model, Lucifer yellow was injected into an individual HCD cell, and the dye spread within the cell cluster was monitored. As seen in (Fig. 5, J and L) , indicating that Cx43 knockdown did not interfere with the ability of the cell to respond to touch. Transfection with lipid, RFP alone, or scrambled siRNA sequences did not alter responses to touch. These data suggest that knockdown of Cx43 expression reduces cell-to-cell communication in HCD cells.
Upregulation of Cx43 expression in high glucose and Ca 2ϩ . To examine the effect of elevated glucose on Cx43 expression, HCD cells were incubated in high glucose (25 mM) for 24 and 48 h. Cells grown under these conditions exhibited increased Cx43 expression to 234 Ϯ 12.7% of control (5 mM) at 48 h (n ϭ 3, P Ͻ 0.01, see Fig. 6, A and B) . In a similar series of experiments, to control for osmotic stress, mannitol (25 mM) increased Cx43 expression at 48 h by only 29% of the glucoseevoked change seen under identical experimental conditions (data not shown).
Cx43 expression has also been linked to increased signals between adjacent cells in HCD clusters was significantly elevated after 48-h exposure to 25 mM glucose, compared with that of cells cultured in low (5 mM) glucose (321 Ϯ 18.8%, n ϭ 3; P Ͻ 0.05; see Fig. 7 ). These data suggest that increases in Cx43 expression in response to high glucose after 48 h facilitate improved signal transmission throughout the cluster.
DISCUSSION
The present study confirms that HCD cells express TRPV4 mechanoreceptors, and physical stimulation of HCD cells evoked a transient change in [Ca 2ϩ ] i . These data are consistent with previous data linking membrane stretch in renal cells to an elevation in [Ca 2ϩ ] i as part of the regulatory cell volume decrease (23, 31, 32, 34) . Mechanosensitive channels have a role in sodium reabsorption and regulate cell volume via Ca 2ϩ -dependent mechanisms (26) . Exposure of renal epithelial cells to changes in osmolality necessitates the initiation of cell volume regulatory processes, the activation of which serves to restore cell volume, preserving both integrity and functionality. The inability to resolve these changes may have serious repercussions for sodium transport and the development of secondary hypertension associated with renal diseases, such as diabetic nephropathy. The transfer of information regarding the osmotic state of the duct depends largely on cell-to-cell coupling. Consequently, changes in intercellular communication may play a key role in transducing changes in osmolarity to appropriate changes in absorption. Here, we examined the effect of touch on the generation of intracellular Ca 2ϩ signals in a HCD cell line and investigated the role of Cx43-mediated gap junctions in propagating these signals under control and high glucose conditions.
In the current study, the rapid spread of touch- Elevated glucose has been shown to decrease gap junctional conductance and disrupt cellular homeostasis in a variety of cell systems (24, 28) . In streptozotocin-induced diabetic rats, dye spread in retinal microvessels was reduced in the absence of exogenous insulin (26) . Similarly, glucose-dependent downregulation of Cx43 expression and gap-junctional intercellular communication (GJIC) has been reported in bovine retinal pericytes (19) , endothelial (6) , and epithelial cells (7, 21) . Inoguchi et al. (15) and Kuroki et al. (17) demonstrated that 24-h exposure to high glucose evoked a protein kinase Cdependent decrease in GJIC in bovine aortic endothelial cells, a finding later supported by studies in streptozotocin-induced diabetic rats (16) . However, the inhibitory effects of hyperglycemia on connexin-mediated cell-to-cell communication in various microvascular and macrovascular models are not so apparent in other tissues. In a rat osteosarcoma cell line, a 72-h exposure to 25 mM glucose had no effect on touch-evoked spread of Ca 2ϩ transients (8) , whereas it has been long established that high glucose increased the expression of gap junctions in pancreatic ␤-cells (22) . In the current study, sub-48-h exposure of HCD cells to high (25 mM) glucose generated a marked increase in Cx43 protein expression and cell-to-cell transmission velocity for touch-evoked Ca 2ϩ transients. Upregulation of Cx43 expression by glucose was only partially attributable to the osmotic effect of the sugar, because similar concentrations of mannitol produced only a 29% increase in Cx43 expression.
Cx43 expression has previously been linked to increased [Ca 2ϩ ] i (33) . In the present study, Cx43 expression increased in response to elevated cytosolic Ca 2ϩ after ionomycin treatment, and although this latter finding is opposite to that previously reported in osteoblast-like cells in culture, which showed reduced dye spread in the presence of the ionophore A-23187 (29) , both studies suggest that the functional expression of gap junctions is Ca 2ϩ dependent. Increases in Cx43 functional expression coupling between cells may act to maintain epithelial integrity and prevent immediate and overt renal damage in the short term. Loss of this protection over time may contribute to the development of renal disease and diabetic nephropathy.
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